Accepted for publication in The Astrophysical Journal 
Preprint typeset using I^'T^]X style emulateapj v. 04/20/08 



THE XMM CLUSTER SURVEY: GALAXY MORPHOLOGIES AND THE 
COLOR-MAGNITUDE RELATION IN XMMXCS J2215.9 - 1738 AT z 1.46 

Matt Hilton^' ^' ^, S. Adam Stanford*- ^, John P. Stott^, Chris A. Collins^, Ben Hoyle^ 
Michael Davidson'', Mark Hosmer**, Scott T. Kay^, Andrew R. Liddle*, Ed Lloyd-Davies^ 
Robert G. Mann"", Nicola Mehrtens**, Christopher J. Miller^", Robert C. Nichol*^' 
A. Kathy Romer**, Kivanc Sabirli** Martin Sahlen*, Pedro T. P. Viana"'^^ 
Michael J. West^^, Kyle Barbary -^'^ Kyle S. Dawson^^, Joshua Meyers"'^^ 
Saul Perlmutter^*'^"', David Rubin'^"*'^^', Nao Suzuki'^* 

Accepted for publication in The Astrophysical Journal 

ABSTRACT 

We present a study of the morphological fractions and color-magnitude relation in the most dis- 
tant X-ray selected galaxy cluster currently known, XMMXCS J2215.9 — 1738 dX z — 1.46, using a 
combination of optical imaging data obtained with the Hubble Space Telescope Advanced Camera for 
Surveys, and infrared data from the Multi-Object Infrared Camera and Spectrograph, mounted on the 
8.2m Subaru telescope. We find that the morphological mix of the cluster galaxy population is similar 
to clusters at 2; '--^ 1. Within the central 0.5 Mpc, approximately ~ 62% of the galaxies identified 
as likely cluster members are ellipticals or SOs; and ~ 38% are spirals or irregulars. Therefore early 
type galaxies were already entrenched as the dominant galaxy population in at least some clusters 
approximately 4.5 Gyr after the Big Bang. We measure the color-magnitude relations for the early 
type galaxies, finding that the slope in the zsso ~ J relation is consistent with that measured in the 
Coma cluster, some ~ 9 Gyr earlier, although the uncertainty is large. In contrast, the measured 
intrinsic scatter about the color-magnitude relation is more than three times the value measured 
in Coma, after conversion to rest frame U — V . From comparison with stellar population synthesis 
models, the intrinsic scatter measurements imply mean luminosity weighted ages for the early type 
galaxies in J2215.9 — 1738 of « 3 Gyr, corresponding to the major epoch of star formation coming 
to an end at « 3 — 5. We find that the cluster exhibits evidence of the 'downsizing' phenomenon: 
the fraction of faint cluster members on the red sequence expressed using the Dwarf-to-Giant Ratio 
(DGR) is 0.32 ± 0.18 within a radius of 0.5i?2oo- This is consistent with extrapolation of the redshift 
evolution of the DGR seen in cluster samples at z < 1. In contrast to observations of some other 
z > 1 clusters, we find a lack of very bright galaxies within the cluster. 

Subject headings: X-rays: galaxies: clusters — galaxies: clusters: individual (XMMXCS 
J2215.9— 1738) — galaxies: elliptical and lenticular, cD — galaxies: evolution 
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1. INTRODUCTION 

The galaxy populations of clusters are dominated by 
galaxies of early morphological type, ellipticals and SOs, 
which form a tight color-magnitude relation (CMR) or 
'red sequence'. For decades, this relation was inter- 
preted as evidence that the stars in early type galaxies 
in clusters are uniformly old, being formed at redshift 
zj > 2, with the slope of the rel ation being primarily 
due to a mass-met allicity r elation ( Larson|["l974 Tinsley 



1978 [GaUazzi et al.||2006[ ). The alternative mierpreta- 
tion 01 the CMK as bemg predominantly an age sequence 
was conclusively ruled out by observations of clusters at 
z < 0.4, which sho wed that the slope o f the CMR evolves 
little with redshift (Kodama & Arimoto 1997). 

A number of studies ot clusters conducted with the 
Hubble Space Telescope have shown that the CMR of el- 
liptical galaxies remai ns well established at progressively 



higher redshifts (e.g. Ellis et al. 1997 Stanford et al 



1998| |van Dokkum et aL||2000[ ), at least up to z ^ 1.3 
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( van Dokkum et al.|200l"] [Blakeslee et al.|2003[ |Mei et al.| XMMU J2235.3 - 2557 at z = 1.39, discovered se rendip- 
2UUt)bp . I'he only study to date ot the CMK in a cluster itously with XMM-Newton dMuUis et al.||2005|; thret 



at z = 1.4 is consistent with this picture (Lidman et al. 
2008 1 . Measurements of the intrinsic scatter about the 



itously with XMM-Newton (MuUis et al. 20051; three 



CMK can be used to constrain the ages of the constituent 
stellar populations of cluster early type galaxies, and in- 
dicate that major epoch of star formation in clusters was 
completed at z > 2 (e.g. iBower et al.| |1992| [Blakeslee 



|et 

pi; 



let al. 2003 Mei et al. 112009 1. Studies ot the tundamental 



plane of elliptical galaxies up to high redshift similarly 
indicate that the bulk of stellar p opulati ons in elliptical 
galaxies were formed at z > 2 (e.g. [van Do kkum & Stan- 
Tord |2003l IHolden et al.||2005l iWgensen et al.,|2006i ,van| 



Dokkum fc van der Marel||2007p ~ 



i'hese observations are consistent with a simple forma- 
tion scenario for elliptical galaxies, in which they formed 
the bulk of their stellar mass in a single event at high 
redshift, and evolved passively thereafter. However, the 
latest semi-analytic models of galaxy formation, con- 
structed within the hierarchical formation paradigm, are 
also able to successfully reproduce the old ages of stellar 



populations in elliptical galaxies (De Lucia et al. 2006 
Menci et al?][200 8 



Recent observations over a wide range in redshift in 
both clusters and the field have revealed that star forma- 
tion appears to be completed earlier in higher mass galax- 
ies than in l ow mass galaxies, a phenomenon dubbed 
'downsizing' ( Cowie et al.||1996 ). In color-magnitude di- 
agrams of high redshift clusters, this effect manifests it- 
self as a deficit of faint galaxies on the red sequenc e in 



comparison to clusters observed at lower r edshift (e.g. De 
Lucia et al.||2004[ |2007| [Stott et al |2007[ ), and may have 



an environmental dependence in the sense that the faint 
end of the CMR is populated at earlier times in denser 
regions, such as in the cluster core s, compared to low 



2008 Gilbank et al. 2008) 



density regions such as gr oups (e.g. [Tanaka et al. 



2005 



This could be explained qualitatively by a scenario in 
which the faint end of the red sequence is being built up 
by the transformation of star forming, spiral galaxies into 
passively evolving SOs as redshift increases. Up to 2; '--^ 1, 
studies of magnitude-hmited samples of cluster galaxies 
have revealed that the elliptical galaxy fraction within 
clusters is found to remain roughly constant, while the 
fraction of SO galaxies decreases, with a corresponding 
increase in the fraction of spiral and irregular galaxies 
([Dressier et al.||1997 | [Smit h et ar||2005| [Postman et al. 
[2005 ') . W hen considering stellar mass-limited samples, it 
nas been found that the fraction of massive, early type 
galaxies as a who le remains roughly constant, at least 



up to z » 0.8 (Holden et al. 2006 2007 van der Wei 



et al.|2007 1 . This suggests that the much stronger evolu 



tion seen m magnitude-limited samples is dominated by 
fainter, lower mass (sub-M* in the galaxy stellar mass 
function) galaxies. It should be noted that at the cur- 
rent time the evidence for downsizing within t he centers 



of rich clusters is still somewhat contentio us ([Andreon 
2008] [Crawford, Bershady, fc Hoessel1[2009| ) . 



Tn this paper, we present a study of the galaxy mor- 
phologies and color-magni tude relation in XMMXCS 
J2215.9 



1 738 at z = 1.46 ( [Stanford et al. 2006, ,Hilton| 
et al.|2007 l, the most distant X-ray selected galaxy clus- 
ter currently known. To date, only five other spec- 
troscopically confirmed clusters are known at z > 1.3, 



clusters at z = 1.33 — 1.41 from the IRAC Shallow Clus 



ter Su rvey (ISCS; jEisenhardt et al.[[2008| 
20051); and the z = 1.335 cluster J(J03550 
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20051 ; and the z = 1.335 cluster J 003550 - 431224, dis- 
covered by the Spitzer A daptation of the Re d-sequence 
Cluster Survey (SpARCS; [Wilson et al.[[2008t . 

J2215.9 — 1738 was discovered as part of the ongoing 
optical follo w up campaign to the XMM Cluster Sur- 



vey (XCS^^; Romer et al. 2001"), which has the primary 



aim of constraining the cosmological parameters through 
measuring the evolution of the cluster mass function with 
redshift. Predictions for the expected cosmological con- 
straints that are ex pected to be achieve d by the full sur- 

([2OO8I 



vey can be found in Sahlen et al 



has X-ray luminosity Lx = 4.393^^ x iU'" ergs s 
temperature T = TAtH keV ( [Stanford et al.|2006[), and 
velocity dispersion = 580 ±140 km s~^ ('Hilton et al. 
2007| ). There is mild evidence that the cluster veloc- 
ity distribution is bimodal, which, if confirmed by fur- 
ther spectroscopic observations, would indicate that the 
cluster is undergoin g a merger close to the line of sight 
(Hilto n et ar[[2007| . 

i'he structure ot this paper is as follows. We begin by 
describing the observations and data reduction in § [2[ In 
§[3| we describe our photometric measurements, morpho- 
logical classification, and photometric redshift selection 
of the cluster members. We present the morphological 
fractions, fits to the color-magnitude relation, and in- 
ferred ages for the stellar populations of the early type 
galaxies in § [4[ Finally, we discuss our findings in com- 
parison with previous work in § [5[ 

We assume a concordance cosmology of ilm = 0.3, 
il\ = 0.7, and Hq — 70 km s^^ Mpc^^ throughout, 
where J^a is the energy density associated with a cosmo- 
logical constant. 

2. OBSERVATIONS AND DATA REDUCTION 

For our study of the galaxy populations of 
J2215.9— 1738, we use a combination of optical data in 
the 1775 and zsso bands obtained with the Hubble Space 
Telescope (HST) Advanced Camera for Surveys (ACS; 
Ford et al. 20031, and near infrared data in the J and 
Kg bands taken using the Multi- Object Infrared Cam- 
era and Spectrograph (MOIRCS; Ichikawa et al. 20061 
on the 8.2 m Subaru telescope at the summit of Mauna 
Kea, Hawaii. As shown in Fig. [l] at the cluster redshift 
oi z = 1.46 the optical data lies blueward of the 4000 A 
break, and therefore near infrared data are essential to 
provide a color which is able to separate the cluster red 
sequence from bluer, star forming galaxies. The zgso — J 
color at the cluster redshift of z — 1.46 roughly corre- 
sponds to rest frame U — V, while Z850 — Ks is roughly 
equivalent to rest frame U — z. 

Fig. [2[ presents a color-composite (zgso, J, Ks) image 
of the cluster. It is apparent from Fig. [2[that J2215.9 — 
1738 lacks an obvious Brightest Cluster Galaxy (BCG), 
in contrast with the only other similarly high redshift X- 
ray selected cluste r currently known, X MMU J2 235.3 — 
2557 at z = 1.39 (Lidman et al. 2008 see also Collins 



J2215.9- 

: 10^4 



1738 

1 



et al. 20091. Similarly, the galaxy distribution is much 



http: / /www. xcs-home.org 
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less compact in J2215.9 - 1738 than in J2235.3 - 2557. 

We now describe the observations and data reduction 
performed for each instrument in turn. 

2.1. Hubble Space Telescope 

J2215.9- 1738 was observed using the ACS Wide Field 
Channel (WFC) as part of a program designed to place 
constraints on the dark energy through observations of 
high redshift Type la supernovae^^. The field of view 
of the ACS WFC is approximately 3.4' x 3.4', and the 
pixel scale of the detectors is 0.05" per pixel. A de tailed 
description of the ACS observations is presented in|Daw 



son et al. (20081. A total of 3320 sec of exposure was 
obtained m 1775 across 12 frames. In 2350, 16935 sec of 
exposure was obtained in 64 frames. In both cases, the fi- 
nal stacked images were created using the MULTIDRIZZLE 
PyRAF task^^. 

2.2. Subaru 

J2215.9-1738 was observed with MOIRCS in photo- 
metric conditions on UT 2007 August 08. The observa- 
tions were carried out in service mode. The field of view 
of MOIRCS is 4' X 7', which is imaged at a resolution of 
0.117" per pixel on to a pair of 2048 x 2048 HAWAII-2 
detector arrays. Unfortunately, one of the detector ar- 
rays was inoperable at the time our observations were 
carried out. Our observations were designed to place the 
target cluster at the center of the second, working de- 
tector array. We performed imaging in the J and 
bands, using a 9-point circular dither pattern of radius 
25" to ensure good sky subtraction. We obtained a total 
of 1485 sec of integration in J, for an individual frame 
time of 165 seconds at each dither position. In the Kg 
band, the total integration time was 1242 sec, achieved 
by co-adding 3 x 46 sec exposures at each dither position. 
The observations were obtained at airmass w 1.3. The 
seeing was excellent, at « 0.5" in both J and Kg. 

The data were reduced using the MCSRED package for 
the IRAF^'^environment in the standard manner: the in- 
dividual dither frames were flat flelded, sky subtracted, 
corrected for distortion caused by the optical design of 
MOIRCS, and registered to a common pixel coordinate 
system. The final science images were created from the 
3cr-clipped mean of the dither frames. 

3. ANALYSIS 

3.1. Photometry 

As most of our ACS data were obtained before UT 
2006 July 04, we adopted AB photometric zeropoints 
in the ^775 and zgso ACS bands of 25.678 and 24.867 
respectively^^. After this date, the ACS photometric 
zeropoints changed due to a change in the tempera- 
ture of CCDs: frames obtained after this change oc- 
curred were adjusted to match the above zeropoints. 

Based on observations made with the NASA/ESA Hubble 
Space Telescope, obtained from the data archive at the Space Tele- 
scope Institute. STScI is operated by the association of Universities 
for Research in Astronomy, Inc. under the NASA contract NAS 
5-26555. The observations are associated v^ith program 10496. 

http://www.stsci.edu/resources/software_hardware/ ... 
... pyraf/stsci_python 

IRAF is distributed by the National Optical Astronomy Ob- 
servatories, which are operated by the Association of Universities 
for Research in Astronomy, Inc., under cooperative agreement with 
the National Science Foundation. 



During the MOIRCS observations, we obtained imag- 
ing of several photometric standards from the UKIRT 
faint standards list. The zeropoints we determined in 
the J and bands are 26.435±0.007 and 25.900±0.010 
on the Vega system respectively. For the near infrared 
data we ad opt conversions to the AB magnitude system 
(|Oke||1974| ) of J(A B) = J(Vega) + 0.943 an d ^^^(AB) = 
Kg (Vega) + 1.86 ( |Tokunaga fc Vacca|[2005| . All magni- 
tudes quoted throughout the rest of this paper are on the 
AB system, unless stated otherwise. 

To measure accurate colors for the galaxies in 
J2215.9— 1738, we need to perform measurements 
through a consistent set of ph otometric apertures. We 
used the SEXTRACTOR package ( [Bertin fc Arnouts|[l996 1 
in dual image mode to achieve this, where objects are 
detected and apertures are defined using the first image, 
while photometry is performed on the second image. We 
chose to use the MOIRCS Kg image as the detection 
image. As the ACS and MOIRCS imaging data have 
different angular and pixel resolution, some additional 
processing was required prior to performing the photom- 
etry. 

Firstly, we trimmed the ACS and MOIRCS images 
to cover a common area of dimensions 3.04' x 3.04', 
centered on the cluster X-ray position. This area en- 
closes the overlapping ACS coverage from the individual 
dither frames, rejecting higher noise regions at the edges 
covered by fewer ACS pointings. We then scaled the 
MOIRCS images from their native pixel scale of 0.117" 
per pixel to the ACS pixel scale of 0.05" per pixel, in- 
terpolating using a 3rd order spline polynomial. The 
MOIRCS images were then registered to the ACS images 
to pixel accuracy. Finally, the ACS images were matched 
to the 0.5" angular resolution of the MOIRCS images by 
convolution with a Gaussian filter with a ~ 4.0 pixels. 

To estimate the photometric errors in each band, we 
constructed RMS images for use as weight images by 
SEXTRACTOR. For the MOIRCS images, we used the RMS 
images produced by the MCSRED data reduction package 
- these are simply the standard deviation at each pixel 
derived from the 9 individual dither frames. For the ACS 
images, the RMS images were constructed from the driz- 
zled science images and the exposure time maps output 
by the MULTIDRIZZLE task, taking into account the pho- 
ton statistics and the detector read noise. The drizzling 
process used to make the final ACS science images cor- 
relates the pixel-to-pixel noise, which, if ignored, would 
lead to underestimated photometric errors. We corrected 
for this effec t following the methodo logy outlined in the 



Appendix of Casertano et al. ( 2000 1 



The effect of the interpolation operations on the pho- 
tometry from the MOIRCS images was tested by cross 
matching catalogs constructed at the native MOIRCS 
pixel scale, with catalogs made from the images resam- 
pled to match the ACS pixel scale. Objects were matched 
between each catalog within a 0.5" radius and the 1.0" 
aperture magnitudes were compared. We found that the 
median magnitude difference between the two catalogs 
was ~ 0.001 for J, Kg < 24. We decided to treat the scat- 
ter between the catalogs as an additional source of uncer- 
tainty: we fitted an exponential model to the scatter as 
a function of magnitude, applied this model to the J, Ks 

see http://www.stsci.edu/hst/acs/analysis/zeropoints 
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aperture magnitudes in the catalog constructed at the 
ACS pixel resolution, and added the results in quadra- 
ture to the photometric errors output by SEXTRACTDR. 
The increase in the J and Kg aperture magnitude un- 
certainties resulting from this procedure is small, < 0.04 
mag. at J, < 24. 

To classify objects as stars and galaxies, we con- 
structed a second set of catalogs in the manner described 
above, with the exception that the ACS images were not 
matched to the 0.5" resolution of the MOIRCS images, 
and instead were read into SEXTRACTDR at their native 
w 0.09" angular resolution. We used the neural- network 
based star-galaxy classification provided by SEXTRACTDR 
(CLASS_STAR) to determine the object types. We clas- 
sify all objects with CLASS_STAR< 0.9 as measured in the 
0850 image as galaxies; all other objects are assumed to 
be stars. We chose to carry out the classification in the 
zgso band, because the zgso image is significantly deeper 
than the 1775 image, reaching an approximate 5a limiting 
magnitude of « 26.0 for galaxies, compared to « 25.1 for 
the «775 image (estimated from the photometric uncer- 
tainties). 

We corrected the photometry for the effect of Galac- 
tic extinction using the dust map s and software of 



mined strictly on the evidence of the imaging data alone, 
guarding against potential biases. The s ame training set 



Schlegel, Finkbeiner, & Davis (19981. In all that follows, 
SEXTRACTDR MAG_AUTD magnitudes were adopted as mea- 
surements of total galaxy magnitudes, and colors were 
measured in 1.0" diameter circular apertures, equal to 
twice the seeing of the MOIRCS images. This is com- 
parable to the typical diameter of the cluster member 
galaxies. 

Note that we do not attempt to correct the photome- 
try of objects blended as a consequence of performing the 
object detection in the Ks-hand. Only a small number of 
such objects are seen, perhaps due to the galaxy distri- 
bution in J2215.9 — 1738 being less compact than other 
similarly h igh r edshift clusters, as noted in §|2] above. As 
shown in § 4.1 this has a negligible effect on our results. 



3.2. Morphologies 

Morphological classification was performed on all 201 
galaxies with magnitudes brighter than zgso < 24, by vi- 
sual inspection of the zsso-band imaging data. This is 
~ 2 magnitudes brighter than the approximate 5cr mag- 
nitude limit of the zgso-band image. Due to the high red- 
shift of J2215.9 — 1738, the morphological classification 
was carried out in the res t frame £/-b and, rather than the 
traditional _B-band (e.g. Postman et al. 2005). Further- 



more, the typical diameter ot the cluster member galaxies 
in the ACS imaging is < 20 pixels, making detailed mor- 
phological classification on the traditional Hubble system 
difficult. For these reasons, we chose to place the galaxies 
into four broad morphological bins: elliptical (E; corre- 
sponding to El— E9 on the traditional Hubble system), 
lenticular (SO), spiral (Sp; Sa— Sd, SBa— SBd on the tra- 
ditional Hubble system) or irregular (Irr). 

The classification was carried out on the complete sam- 
ple by a team of five classifiers (CAC, MH, BH, SAS, 
JPS). Each galaxy in the sample was examined by means 
of a 150 pixel on a side postage stamp image, centered 
on the galaxy in question. No further information on the 
galaxy to be classified (e.g., position, redshift, color or 
magnitude) was provided during the classification pro- 
cess, in order to ensure that the classification was deter- 



of galaxy images, constructed from the Postman et al 
(2005) study of galaxy morphologies in 0.8 < z < 1.3 
clusters, was provided to each classifier. 

We found there was generally good agreement on 
the morphological classification of the individual galax- 
ies among the five classifiers: majority agreement (i.e. 
> 50% of the votes cast by the classifiers were for a 
particular morphology) was reached for 85% of the sam- 
ple. Agreement by > 2/3 of the classifiers was reached 
for 67% of the sample. We estimated the RMS scat- 
ter between the morphological fractions determined by 
each classifier and adopted this as our esti mate of the 
morphological classification error, used in § 4.1 below. 



For the elliptical galaxy fraction, we measure a scat- 
ter of CT/^ — 0.11; for the SO galaxy fraction, we ob- 
tain cT/gQ = 0.05; and for the late type galaxy fraction 
(Sp+Irr), we obtain cr/sp^^^^ — 0.11. The uncertainty in 
the early type galaxy fraction (E-I-SO) is cr /e^.so = 0.11. 
These un certainties are compar able in size to those ob- 
tained by Postman et al. ( 2005[ |. 

Note that In this study we have not taken into ac- 
count the potential impact of surface brightness dim- 
ming, the effect of which can impair the ability to distin- 
guish between e.g. e llipticals/SOs, and SO/Sa galaxies. 
Postman et al. ( 2005 ) conducted simulations in order to 
quantify the size ot this effect in their ACS study of the 
morphology-density relation in z ~ 1 clusters, and found 
that the effect of surface brightness dimming was success- 
fully mitigated by their chosen exposure times (typically 
« 12000 sec in zgso). We therefore expect that the im- 
pact of surface brightness dimming on our results is alle- 
viated to some extent by our long exposure time, « 40% 
longer than the typical exposure time used by ,Postmaii] 
|et al.|2005| and by the broad morphological bins we have 
adopted. 

3.3. Photometric redshifts 

Secure spectroscopic redshifts have been obtained for 
a total of 58 galaxies within the 3.04' field covered 
by the ACS and MOIRCS observations. The majority 
of these redshifts come from observations of J2215.9 — 
1738 using the DEep Imaging Mu lti-Object Spectro- 
graph (DEIMOS; |Faber et al.||2003[ ) on the 10m Keck 
II telescope, and the Ibcal Reducer an d Low Disp er- 
sion Spectrograph (F0RS2; AppcnzcUcr et al. 19981 on 
th e 8m Very Large Te lescope ( VL'l ), and are described 
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^ 2007|. Observations through a further 

three DEIMOS slit masks have been obtained subsequent 
to this work; one being observed in September 2007, and 
two in September 2008. Details of the 2007 and 2008 
Keck observations will be presented in S. A. Stanford 
et al. (2009, in preparation). Of the 58 galaxies with 
spectroscopic redshifts, 24 are cluster members, and so 
we chose to use the available four band (1775, ^sso, J, 
Ks) photometry to determine cluster membership using 
photometric redshifts, for all galaxies in the i^s-selected 
catalog described in § |3.1| above. 

We used the spectral template fitting code EAZY 
(Brammer, van Dokkum, & Coppi 20081 to estimate 
photometric redshifts. EAZY has been designed to be 
especially useful in cases where spectroscopic redshifts 
are only available for a biased subset of galaxies. This 
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is the case for our dataset, as color, magnitude crite- 
ria were used to preferentially select likely cluster mem- 
bers as spectroscopic targets. Furthermore, the limited 
size of our spectroscopic subsample makes the use of 
'training set '-type techniques inappropriate, s uch as, e.g. 



neural-network based redshift estimates (CoUister fc La- 
hav 20041, or iterative correction of empirical spectral 



templates (Feldmann et al. 2006| . We used the default 
set of five spectral templates included with EAZY, which 
is constructed by applying the non-negati ve ma trix fac- 
torization technique of Blanton & Roweis] ( 2007 1 to a set 
of 3,000 stellar populati on mode ls from theTEGASE li- 
brary ( ,Fioc fc Rocca-Volmerange,,1997J , and a catalog 
of synthetic galaxy ph otometry derivea 
analytic simulation of 'De Lucia & Blaizot 



from the semi- 
We 



(2007) 



chose to use the option within EAZY to ht a linear combi- 
nation of all of the templates to our galaxy catalog, over 
a redshift range of < z < 4, using the 1.0" aperture 
magnitudes as the input photometry. Finally, we chose 
to use the if— magnitude based Bayesian redshift prior 
included with EAZY, which is derived from the synthetic, 
semi-analytic model galaxy photometry used to define 
the template set, and adopted the maximum likelihood 
redshift estimate after the application of this prior as the 
redshift estimate Zp for each galaxy. 

We checked the accuracy of the photometric redshift 
estimates produced by EAZY by comparison with the 
spectroscopic subsample. Given the wavelength cover- 
age of our available photometric bands, we would not 
expect to obtain reliable photometric redshifts for galax- 
ies with redshifts below z < 1, as photometric redshift 
techniques rely on identifying strong spectral breaks in 
order to assign redshift estimates, and the i775-band only 
drops below 4000 A in the rest frame at z > 1. We there- 
fore performed the check on the photometric redshift ac- 
curacy on the 36 galaxies with spectroscopic redshifts 
Zs > 1. We found that the typical scatter as, in the 
photometric redshift residuals Sz — (z^ — Zp)/(1 4- Zs) 
was <7s^ = 0.039, where a/j , was estimated u sing a bi- 
weight scale estimator (e.g. Beers et al.| 1990[), which is 
robust to outliers. The photometric redshifts appear to 
be almost unbiased in this redshift range, as the median 
Sz = -1-0.015; however, a small number of objects have 
overestimated photometric redshifts, as can be seen from 
the negative tail of the distribution shown in Fig. |3] 

A cut of I Zp — Zc |< 2 X asz{^ + Zc) was used to de- 
fine cluster membership, where Zc is the cluster redshift 
of z = 1.46 - i.e. galaxies with 1.27 < Zp < 1.65 were 
considered to be members of the cluster. We used the 
spectroscopic subsample to assess the amount of contam- 
ination from galaxies with spurious photometric redshifts 
(i.e. with Zg < 1.27, z^ > 1.65); contamination from in- 
terlopers, defined as galaxies with velocities outside of 
the range ±3cr„ around the cluster redshift, wher e ay is 



the line of s ight velocity dispersion measured in Hilton 
etaLlpOOTl) (i.e 



Zs > 1.46 -t- 0.015 or z^ < 1.46 - 0.015, 
< 1.65); and missing spectroscopically 
with z,„ < 1.27, z„ > 1.65 and 



< z, 

identified members (i.e 
1.445 < Zs < 1.475). 

Initially, using only the cut in Zp to define member- 
ship, a total of 13 galaxies (22% of the spectroscopic sub- 
sample) were identified as having spurious photometric 
redshifts, all with z^ < 1. However, galaxies with unre- 



liable photometric redshift estimates have flat or multi- 
modal posterior redshift probability distributions, and 
ca n be easily ide ntified by their value (introduced 
by |Benftez|[2000l and labelled ODDS in the output from 
EAZY), which is the fraction of the integrated probability 
that lies within ±Az of the photometric redshift esti- 
mate Zp (in the case of EAZY, = 0.2). Galaxies with 
lower values have broader redshift probability dis- 
tributions, and correspondingly less reliable photomet- 
ric redshift estimates. Applying a cut of > 0.9 re- 
duces the number of spurious photometric redshifts in 
the spectroscopic subsample to two galaxies (3.4% of the 
spectroscopic subsample) . We therefore chose to use this 
cut in in all that follows. A more conservative cut 
of PAj > 0.95 reduces the number of galaxies with spuri- 
ous photometric redshifts to just a single galaxy, but this 
comes at the cost of a smaller sample size and increased 
error bars on t he d erived color-magnitude relation pa- 
rameters (see 



4.31 



The number of spectroscopically confirmed non clus- 
ter members contaminating the photometrically selected 
sample was found to be three (10.3% of the sample). 
However, four spectroscopically confirmed cluster mem- 
bers were missed by the photometric redshift selection 
(16.7% of the sample of 24 confirmed cluster members). 
Using a broader cut in Zp than we have applied naturally 
reduces the fraction of missed spectroscopic members, 
but at the cost of significantly increasing the contami- 
nation fro m sp ectros copi cally confirmed interlopers. We 
show in § |4.1| and § |4.3| that our measurements are ro- 
bust to reasonable changes of the parameters governing 
the photometric redshift selection. 

We further refined our photometric membership se- 
lection by excluding from the sample all galaxies with 
i^s-band magnitudes brighter than the BCG, i.e. Ks < 
20.57. Although J2215.9 - 1738 lacks an obvious BCG, 
it possess es several candidates that are of similar bright- 
ness (see Collins et al. 20091, and this additional cut 
helps by removing seven bright, blue (zgso — J < 1.0), 
lower redshift galaxies from the sample. These objects 
are probably at z « 1.3, as indicated from their pho- 
tometric redshifts, and one of these objects is a known 
interloper with spectroscopic redshift Zs — 1.301. Fi- 
nally, we removed from the sample all known interlopers 
with spectroscopic redshifts, and added back in the four 
spectroscopically confirmed members missed by the pho- 
tometric redshift selection. 

The final sample of photometrically selected mem- 
bers within the ACS/MOIRCS imaging area contains 64 
galaxies. The colors, magnitudes, spectroscopic and pho- 
tometric redshifts, and morphologies of the sample are 
recorded in Table [H 

4. RESULTS 

4.1. Morphologies 

Fig. [4] shows postage stamp images of all the galaxies 
with morphological classifications (i.e., all galaxies with 
•^850 < 24), located within 0.75 Mpc of the cluster X- 
ray position, and selected as cluster members using the 
photometric criteria described in § |3.3| above. In addition 
to the Zgso-band data from which the morphology of each 
object was determined, we also show a corresponding 
postage stamp taken from the Ks-hand image that was 
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used to perform the object detection (see § 3.1). Only 
four objects in this sample were found to be blended in 
the i^s-selected catalog - these are IDs 824, 610, 696 and 
1047, and are noted with a pair of morphologies in Fig. |4] 
and Table. [T] 

Within a radius of 0.5 Mpc of the cluster X-ray posi- 
tion, there are a total of 39 galaxies with morphological 
classifications. The fraction of elliptical galaxies in this 
subsamplc is Je = 0.54 ± 0.17; the fraction of lenticular 
galaxies is fso — 0.08 ±0.07; and the fraction of late type 
galaxies is fsp+irr — 0.38 ±0.15. The combined fraction 
of early type galaxies is /e+so = 0-62 ± 0.17. 

In calculating the errors on the morphological fractions 
quoted ab ove, we add in quadrature the classification er- 



ror (see § 3.2 above), the Poisson uncertainty, and the 



uncertainty m cluster membership due to the photomet- 
ric redshift selection. To account for this latter effect, we 
perform 1000 Monte-Carlo simulations in which the pho- 
tometric redshift of every galaxy is replaced by a random 
variate drawn from its photometric redshift probability 
distribution, as output by EAZY, and apply the algorithm 
described in § |3.3| to select cluster members. We find 
that the dominant source of error is the classification er- 
ror; the photometric redshift selection increases the size 
of the uncertainties by at most w 4% for a given mor- 
phological bin. 

To further check that the results are robust to the 
choice of parameters used to define the photometric red- 
shift selection, we also calculated the morphological frac- 
tions for different photometric redshift cuts. For a more 
conservative choice of pA- > 0.95, we obtain consistent 
results of Je = 0.56 ± 6.17; fso = 0.06 ± 0.07; and 
fsp+irr — 0.38 ± 0.16, for a sample of 34 galaxies within 
a radius of 0.5 Mpc. Similarly, for a more stringent pho- 
tometric redshift cut of 1.36 < Zp < 1.56 with > 0.9, 
we obtain Je = 0.55 ± 0.18; fso = 0.06 ± 0.07; and 
fsp+irr = 0.39 ± 0.16, for a sample of 31 galaxies within 
the same selection radius. Considering only the 19 galax- 
ies with spectroscopic redshifts located within 0.5 Mpc 
of the cluster X-ray position, we obtain results consistent 
with those above, although with larger uncertainties. For 
this sample we find Je = 0.58 ± 0.21; fso = 0.05 ± 0.07; 
and fsp+irr = 0.37 ± 0.18. 

Given the large uncertainties, we are unable to examine 
the variation of the morphological fraction with radius. 
For example, extending the radius within which the mor- 
phological fractions are calculated to 0.75 Mpc does not 
change our results, as it only increases the sample size 
by a further three galaxies. 

The object identified as the Brightest Cluster Galaxy 
(BCG) in J2215.9 - 1738, ID 688, has a clear SO mor- 
phology as seen in Fig. l4| It is the brightest cluster 
member in the X^-band (although there are in fact sev- 
eral other candidates of similar brightness), and has a 
spectrum consistent wit h a Luminous Red G alaxy (LRG) 
template (see Fig. 1 of Hilton et al. 2007). However, it 
lies « 300 kpc away from the cluster X-ray position. Al- 
though this would be unusual for clusters at low redshift , 
we note that the two brightest members of the z = 1 . 10 
cluster RDCS J0910 + 5422 also have SO morphologies, 
and further more, are located at clustercentric distances 



currently known at z > 1. A comparison of the stellar 
masses of BCGs in a sample oi z > 1 clusters, including 
J2215.9 — 1738, with the latest semi-analytic model s of 
galaxy formation is presented in Collins et al. (2009). 



4.2. Color-magnitude diagrams 

We present the zgso — J and zgso — Kg color-magnitude 
di agra ms (CMDs) with fitted color-magnitude relations 
(§ |4.3[ below) in Fig. [s] and Fig. |6| respectively. Panel 
(a) of each figure shows all galaxies in the combined 
ACS/MOIRCS imaging area; panel (b) shows only mem- 
bers selected according to the photometric criteria de- 
scribed in § |3.3| above. In each of these plots we show 
the approximate 5a limiting magnitude for galaxies as 
a blue vertical dashed line (estimated from the size of 
the photometric errors); the corresponding 5tT- limit in 
color as a diagonal dashed blue line; and the approxi- 
mate limit of the morphological classification caused by 
the zgso < 24 limit (see § 3.2 above) as a diagonal dashed 
green line. 

Along the top axis of each plot, we show the mag- 
nitude relative to the expected characteristic magnitude 
{M*; labelled as J* or K* appropriately for each band in 
the plots) of the galaxy luminosity function at z = 1.46. 
The value of M* was estimated by passively evolving 
the value of K* fo und for clusters at z = 0.9 by |De Pro^ 
pris et al. (1999) to z = 1.46, transformed to the pass- 
bands used in this paper. The evolution correction was 
performed by adopting a Bruzual & Chariot' (2003) sin- 
gle burst of star formation model, beginning at redshift 
zy = 3, decaying exponentially with characteristic time 
scale T = 0.1 Gyr, with solar metallicity, and jSalpeter] 
(|1955[) Initial Mass Function (IMF). This model accept- 



ably reproduces the observed evolution of K* over the 
redshift raii ge 0.1 < z < 0.9 for the data in |De Propris| 

eFailfigMI . 

It is immediately apparent from Figs. [5] and |6] that the 
bright end of the color-magnitude relation in J 22 15. 9 — 
1738 is unpopulated: the brightest galaxies have Kg « 
20.6, approximately as bright as the expected value of 
M* . In contrast, the only other z > 1.3 X-ray selected 
cluster currently known, XMMU J2235.3 - 2557 at z = 
1.39, has four spectroscopically confirmed members with 
-RT,, magnitudes in the range 18.9 < Ks{AB) < 20.6, 



within a .2 Mpc radius of the cluster center (Lidman 
et al.|2 008) . This corresponds to a difference in absolute 
magnitude of ~ 1 .5 mag between the BCGs (see also 



> 300 kpc (|Mei et al 
that J 22 15 



^ 2006a). Therefore it is possible 

1738 is not untypical of clusters at this 



epoch in this regard, given the small number of objects 



Collins et al.|2009^ l, neglecting the correction for passive 
evolution, as the difference in lookback time between the 
two clusters is only 0.2 Gyr. 

Given the small number of systems observed to date at 
such high redshifts, it is unclear which of these objects 
is more typical of the general cluster population at this 
epoch. We note that the brightest galaxies in the com- 
pact cluster associated with the z — 1.51 galaxy GDDS- 
12-5859 have similar j<"-ban d magnitudes to the br ightest 
members of J2215.9- 1738 ( [McCarthy et al.|2007| . How- 
ever, further spectroscopic observations of this object are 
required to confirm its nature as a gravitationally bound 
system dX z — 1.5. 

Inspection of Figs. [5] and [6] shows that limiting the 
CMR fitting to a purely morphologically selected sam- 
ple of E+SO galaxies would restrict the total magnitude 
range in comparison to the magnitude limit of the com- 
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plete sample. We therefore chose to perform the analy- 
sis on two samples - a morphologically selected sample 
of E+SO galaxies (hereafter referred to as the 'morpho- 
logically selected sample'), and a sample defined without 
this restriction, spanning a larger magnitude range (here- 
after referred to as the 'photometrically selected sam- 
ple'). In both cases, we only include galaxies that pass 
the photometric membership selection criteria described 
in f) 3.3 above, to reduce the contamination from non- 



cluster member galaxies significantly. For the photomet- 
rically selected sample, we applied an additional color cut 
of 0.8 < Zs^Q — J < 1.6, 1.5 < Zs5o — Ks < 3.0 as appropri- 
ate for the CMR being fitted, in order to avoid biasing 
the fits by the inclusion of a handful of faint galaxies 
much bluer than the red sequence. 

An additional benefit of performing the analysis on a 
sample not selected on the basis of morphology is to ex- 
amine the sensitivity of the results to the morphological 
classification. Systematic misclassification of some galax- 
ies, for example face-on SOs as ellipticals, or flattened late 
type galaxies as SOs, would increase the apparent scatter 
about the CMR and result in the inf erence of younger 
galaxy ages (see, e.g., Mei et alT||2009 1 . 



4.3. Color-magnitude relations 

The color-magnitude relations were fitted to the color- 
magnitude data for each sample, defined in § |4.2| above, 
using a robust biweight linear least squares method. We 
estimated the errors on the fits in a Monte-Carlo fashion: 
we generated 1,000 realizations of the data, replacing the 
color of each galaxy with a random variate, assuming 
that the color errors have a Gaussian distribution, and 
fitted the CMR for each of these simulated datasets. The 
la errors in the slope and intercept of the measured CMR 
were taken to be the standard deviations of the slopes 
and intercepts measured for the 1,000 simulated datasets. 

For the morphologically selected sample of early type 
(E-I-SO) galaxies, we obtained the following relations: 

ZS50 - J = (-0.049 ± 0.062) (J - 22.5) 

-t- (1.335 ±0.046), (1) 

^850 -Ks = (-0.221 ± 0.057) (if^ - 22.5) 

+ (2.012 ±0.091). (2) 

For the photometrically selected sample, we obtained 
similar results: 

2850 - J = (-0.112 ± 0.026)(J - 22.5) 

+ (1.282 ±0.016), (3) 

Z850 -Ks = (-0.299 ± 0.021) (/f^ - 22.5) 

+ (1.914 + 0.028). (4) 

Both the slopes and intercepts measured for the mor- 
phologically and photometrically selected samples agree 
at better than < 2(t for both the fits to the Z85o — J 
and Z850 — Kg CMRs, with the agreement being slightly 
better between the two samples in Z85o — J ■ The uncer- 
tainties on the CMR slopes and intercepts are relatively 
large, due to the large scatter about the CMRs that can 
be seen in Figs. |5] and |6] 



As Figs. |5] and |6] show, there are only ten spectroscop- 
ically confirmed members with early type morphologies 
located within 0.5 Mpc of the cluster X-ray position with 
J < 22.5. We found that fitting the CMR for this purely 
spectroscopically selected sample gave significantly worse 
constraints on the CMR than the samples supplemented 
with photometric redshifts; for example, the slope of the 
2850 - J CMR is found to be -0.262 ± 0.127. This is 
driven by one object (ID 526), which has a clear elliptical 
morphology (see Fig. |4]), but is significantly bluer than 
the other spectroscopically selected early type galaxies. 
For this reason, we do not consider the purely spectro- 
scopically selected galaxy sample further in this paper. 

The observed scatter about the CMR was measured us- 
ing a biweight scale estimate of the color residuals, with 
the error being estimated from 1,000 bootstrap samples. 
The intrinsic scatter Uint in the CMR was estimated by 
subtracting in quadrature the RMS of the color errors 
of the galaxy sample to which the CMR was fitted. For 
the morphologically selected sample of early type (E+SO) 
galaxies, we measured Cint (^850 — >/) = 0.123 + 0.049, and 
o'int(2850 — Ks) — 0.173 + 0.052. For the photometrically 
selected sample, we found (Tint(285o — J) = 0.118 + 0.034, 
and (Tint(285o — Kg) = 0.237 + 0.037. The measurements 
of intrinsic scatter are therefore in excellent agreement, 
at better than < Ict, between the morphologically and 
photometrically selected samples. This suggests that sys- 
tematic morphological classification errors of the type de- 
scribed in § |4.2| are not a problem at the level of precision 
achieveable with our galaxy sample. 

We examined the dependence of our results on the pho- 
tometric redshift selection in a number of ways. Adopt- 
ing a conservative cut of > 0.95, we found no sig- 
nificant differences with the results reported above: the 
differences between the CMR slope and intercept values 
in each band and for each sample are significant at the 
< 2(7 level. Restricting the photometric redshift selection 
to only galaxies with Zp = 1.46 + 0.1, with pA, > 0.9, we 
find likewise. In all cases the measurements of intrinsic 
scatter are robust to the changes in the CMR fit param- 
eters; we find that the differences across all samples and 
in all bands are significant at the < Itr level. 

As a final check on the robustness of the results to the 
photometric redshift selection, we performed 500 Monte- 
Carlo simulations in which, in addition to the photome- 
try of each object in the catalog being randomized appro- 
priately according to the size of the photometric errors, 
the photometric redshifts were also re-estimated using 
EAZY, and the alg orithm used to select cluster members 
described in § 13. 3 1 was applied. For each of these simula- 
tions, the CMR fit parameters and scatter measurements 
were performed in the manner described above. Again, 
we found no significant differences from the above results, 
with the mean slope and intercept of the Monte-Carlo 
simulations being within < 2a of the results for both the 
photometrically and morphologically selected samples in 
both Z850 — J and zsso — Kg, and the internal scatter 
measurements being in agreement across all samples at 
better than the < la level. 

Table [2]presents a summary of the measured fit param- 
eters for the 2850 — J and zsso — Kg CMRs, for both the 
morphologically and photometrically selected samples. 
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4.4. Inferred ages 

The intrinsic scatter about the CMR can be used to es- 
timate the major epoch of star formation for early type 
galaxies, given the assumption of a particular stellar pop- 
ulation model and that the CMR is p redominantly a se - 
quence in metallicity and not age (e.g. Bower et al. 1992 1 . 
This latter assumption was proven to be sou nd by obser- 
vations of the CMR in distant clusters (e.g. Kodama & 
Arimoto||1997 1. In actual fact, recent observations have 
shown that the CMR is primarily a sequence in stellar 
mass, in that the brightest galaxies tend to be more mas- 
sive, metal rich and older than the galaxies at the faint 
end of the CMR, with the scatter in the CMR at the 
faint en d being primarily due to differences in age (e.g. 
Gallazzi et al.|p006i) 

We modelled the CMR scatter in the manner described 



by B ower et al. (1992 see also Blakeslee et al. 2003 Mei 



it al.||:jOO()b| . We assumed as our baseline galaxy model 



a compo site stella r pop ulation (CSP) of solar metallic- 
ity, with 'Salpeter' (l955) Initial Mass Function (IMF) 
formed in a single burst of star formation, decaying ex- 
ponentially with characteristic time scale r — 0.1 Gyr. 
To check the dependence of our res ults on the stellar 
models, we used CSPs derived from [Bruzual fc Char- 

Padova 1994 stel- 
One 

major ditterence between tnese two tamiiies ol models is 
that the treatment of thermally pulsing asymptotic giant 
branch (TP-AGB) stars is different, with the M05 mod- 
els being shown to infer younger ages for galaxies in the 
Hubble Ultra Deep Field (UD F) in comparison to the 



Iot| ( |2003[ herea fter BC03 using the 
lax tracks), and |Maraston| (|2005| hereafter M05). 
maior difference between these two families of mo( 



BC03 models ( [Maraston et al.|l2006[ ). 

We estimate the expected clviR scatter in the follow- 
ing way for each combination of CSP model and pho- 
tometric bands. We assume that galaxies are born in a 
single burst of star formation at a time ^birth between the 
epoch of recombination and time tend, where the value 
of tend is varied in steps between zero and the epoch 
at which the cluster is observed (i.e., up to a maximum 
of tz ~ 4.3 Gyr in our adopted cosmology). For each 
value of tend, we construct a sample of 10,000 simulated 
galaxies with ages assigned randomly from a uniform dis- 
tribution with range < tbiith < tend, and estimate the 
scatter in the color distributions using a biweight scale 
estimate. The value of tend corresponding to the observed 
intrinsic CMR scatter is then used to infer estimates of 
the minimum and mean luminosity weighted galaxy age 
assuming a particular CSP. 

Fig. [7 shows the expected intrinsic scatter dint around 
the CMR for the BC03 (red) and M05 (blue) models as 
a function of minimum age (dashed lines) or mean lumi- 
nosity weighted age (solid lines) for the morphologically 
selected sample. Adopting the BC03 model, the mea- 
sured intrinsic scatter around the zg^o — J CMR indicates 
that the minimum age of the stellar populations of the 
red sequence galaxies in J2215.9 — 1738 is > 1.3 ± 0.8 
Gyr (corresponding to a minimum redshift of formation 
of > 2.1^^05). The corresponding mean luminosity 



weighted age is tL = 2.8 ± 0.4 Gyr (i.e., zj = 4.OI0 7). 
The ages inferred from the M05 model are younger; the 
minimum age being > 0.7 ± 1.6 Gyr {zf > 1.8^Q g), and 
the mean luminosity weighted age being = 2.5 ± 0.8 



Gyr (z/ = 3.5^^ g). However, the difference between the 
results for the two different models is not statistically 
significant. 

In zs5o~Ks, the minimum age is > 1.6±0.3 Gyr (zf > 
2.4^0 3), and the mean luminosity weighted age is t^ = 
3.0 ± 0.2 Gyr {zJ = 4.5t[5:|), assuming the BC03 model. 
This is in excellent agreement with the age inferred from 
the scatter about the zs5o — J CMR, though of course 
the colors are not completely independent. For the M05 
model, we again find lower ages: the minimum age is 
> 0.5 ± 1.2 Gyr (z/ > 1.7igj), and the mean luminosity 

weighted age is tl = 2.4 ± 0.6 Gyr {zJ = 3.3tJ;?). 

It is interesting to note that the measured scatter about 
the Z850 — Kg CMR is near the limit of the allowed scatter 
in the M05 model (see Fig. [t]), although the uncertainty 
in the measurement is large. In fact, in the case of the 
photometrically selected sample, the measured scatter is 
larger than the maximum scatter expected in the M05 
model. This could be a consequence of the greater weight 
given to TP-AGB stars in the M05 models relative to the 
BC03 models, which begins to have a significant effect 
at the J-band and redder wavelengths (see Fig. 18 of 
Maraston 2005| . The observed Kg-hand samples the rest 
frame z-band at the redshift of the cluster. 

As the measurements of the intrinsic scatter in zgso — J 
and Z850 — Kg are consistent between the mor phol ogically 
and photometrically selected samples (see § 4.3 above). 



the inferred ages derived from the photometrically se- 
lected sample are consistent with those quoted above; 
however, the uncertainties are typically w 30 — 50% 
smaller due to the increased sample size. We provide 
a summary of these results in Table [3j 

4.5. Dwarf-giant ratio 

Some studies of clusters at high redshift have revealed 
a deficit in the number of faint red sequence galaxies 
in co mparison to observations of clusters at low r edshift 
(e.g. pe Lucia et al |[2004l [2007{ [Stott et al.||2007t . This 
has been attributed to 'downsizing', where star forma- 
tion is observed to have term inated at earlie r epochs 
in more massive galaxies ( jCowie ei^al. 1996). In the 
case of J2215.9 — 1738, Figs. |5] and |6] show an apparent 
paucity of galaxies on the rea sequence at faint magni- 
tudes (J > 23.5), which may be indicative of this phe- 
nomenon. 

We quantify thi s deficit using the Dwa rf-to-Giant Ratio 
(DGR). Following De Lucia et al. (2007), we define giants 
as galaxies with absolute \/-band magnitudes brighter 
than My (Vega) = —20, and dwarfs as galaxies fainter 
than this limit, but brighter than My = (Vega) = —18.2. 
These limits correspond to values at z = after correc- 
tion for the effect of passive evolution. In performi ng the 
passive evolution correction, we adopt the same ,Bruzual| 
fc Chariot (2003) s imple stellar population mod el as used 



by'De Lucia et ( 2007 1 , with solar metallicity, Chabrier 
(2003) IMl', and formation redshift Zf = 3. ihe divid- 
ing magnitude between dwarfs and giants is equivalent 
to J(AB) « 22.7 in the observed frame of J2215.9- 1738 
after this correction is applied, and the corr espo nding 



faint magnitude limit is J(AB) « 24.5 (see § |5.3| below 
for details of the adopted conversion between V and J 
magnitudes). Thus, the faint magnitude limit is « 0.1 
mag. fainter than the 5a limiting magnitude of our ob- 
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servations, and so the hmits that we obtain on the PGR was also conducted by the ACS Guaranteed Time Obser- 



may be slightly underestimated in comparison to De Lu- 
cia et al.|([2007|. 
mated 



We estimated the DGR using the sample of p hotomet- 
rically selected cluster memb ers defined in §|3.3|and listed 
in Table [T| Following De Lucia et al. p007j , using all 
of the members withi n r < U.5-K2oo (.^200 ^ 0.6 Mpc 
for J2215.9 - 1738; |Hilton et al.||2007[ ), we find that the 
DGR = 0.50 ± 0.21. In estimating the DGR of galaxies 
on the red sequence, we only consider the zgso — J CMR, 
as unlike the zgsp — Kg CMR, it is well suited to compar- 
ison with other studies at low redshift. Applying a color 
cut of ±0.3 mag. around the fit to the zs5o — J CMR de- 
rived from the morphologically selected sample, we find 
that the red sequence DGR = 0.32 ± 0.18. The uncer- 
tainties are estimated assuming Poissonian errors, added 
in quadrature to the uncertainty due to the photometric 
redshift selection, calculated using the full EAZY photo- 
metric redshift probability distribution for each galaxy 
by the same technique described in § 4.1 above. The un- 
certainty due to the photometric redshift selection typ- 
ically increases the size of the error bars on the DGR 
measurements by ~ 12%. 

We checked the sensitivity of these results to the pa- 
rameters governing the photometric redshift selection. 
Restricting the membership selection to galaxies with 
PA^ > 0.95 or 1.36 < Zp < 1.56 does not affect these 
results significantly, the DGR measurements in each case 
being well within < la of the above results. 

Extending the selection radius to r < 0.75 Mpc does 
not change these results significantly: we estimate that 
the DGR = 0.65 ±0.22 if all the photometrically selected 
members are included; if we include only those members 
within ±0.3 mag. of the red sequence, then we find that 
the DGR = 0.46 ± 0.20. 

5. DISCUSSION 

5.1. Morphologies 

The morphological fractions we find for J2215.9 — 1738 
are in good agreement with studies of clusters at 2: ~ 1, 
some '--^ 1.5 Gyr later than the epoch at which our target 
cluster is observed. 



Smith et al. (20051 studied the morphology-density 
relation in a sample of six clusters at z '--^ 1. Assum- 
ing that J* + 1 is roughly equivale nt to t h e m agnitude 
hmit of + 1 adopted by Smith et al.| ([2005), as at 
the redshift of J2215.9 — 1738 the J- band samples the 
rest frame y-band, then the depth of our study is suf- 
ficient to make a comparison, as all the galaxies in our 
sample brighter than this limit have morpho logical clas- 
sifications (see Fig.|5|. As Smith et al. (2005 1 quote their 
results in bins of local galaxy surface density E, we need 
to estimate the median local galaxy surface density for 
our sample in order to compare results. Following [Smith] 
et al. ( 2005 1 , we calculate S for each galaxy by counting 
the 10 nearest neighbors with J < J* + 1, and dividing 
by the rectangular area enclosed. We find the median 
local galaxy surface density within a radius of 0.5 Mpc 
of the cluster X-ray position is S w 227 Mpc~^. I n their 
second high est density bin with E > 100 Mpc~^, Smith 
et al. (2005) find fs+so = 0.6 ± 0.1, in good agreement 
with the results of our study. 

A study of the morphology-density relation at z ~ 1 



vations (GTO) team (Postman et al. 
morphological fractions within -K200 



20051, who quote 
:or the individual 



objects that make up th eir sam ple. The magnitude limit 

< 24, as 
the i?2oo 

radius is « 0.6 Mpc (iHilton et al. 2007|, i.e. approxi- 



of the [Postman et al.| (20051 study is zgso 
adopted in this work . For J2215.9 - 1 738, 



mately the same as the 0.5 Mpc radms m which we have 
calculated the morphological fractions. The mean mor- 
phological fractions within i?2oo for the [Postman et al.| 
(2005) sample (± the standard error on the mean) are 
)F^0.38±0.03; fso = 0.16±0.04; fsp+irr = 0.48±0.07; 
and fs+so = 0.55 ± 0.07. The results we obtain for 
J2215.9 — 1738 are in agreement at the < la level for 
all morphological bins. A larger cluster sample would be 
needed to search for possible evolutionary effects between 
z ~ 1.5 and z ^ 1. 

5.2. Inferred ages 

The mean redshift we find for the major epoch of star 
formation in the ear ly type galaxies in J2215.9 — 1738 of 
Zf w 3 — 5 (see § 4.4) is similar to that found for elliptical 
galaxies in other high redshift clusters. Mei et al. ( 2006b I 
found a mean formation redshift of z/ » 4 for the ellip- 
tical galaxies within 0.5 Mpc radius of the centers of the 
two Lynx clusters at z = 1.26, from modelling the CMR 
scatter using single burst BC03 r nodels, in good agree- 



(20081 



ment with our result. Similarly, Lidman et al 
conducted a study of the J — Kg CMR in the only other 
z > 1.3 X-ray selected cluster currently known, XMMU 
J2235.3 — 2557, finding z/ « 4 for galaxies, selected using 
a color cut, within 0.2 Mpc of the cluster center. 

For well studied clusters at lower redshift, slightly 
smaller formation redshifts have been meas ured from 
the scatter about the CMR 
timated Zf « 2.7 from the 1775 — zgso 
RDCS J1252.9 - 2927 at z = 1.24, a result als o found by 



Blakeslee et al 
E 



2003) cs- 
SO CMR of 



Lidman et al. (2004[) from the J 
I2006a|) found ry 



Kg CMR; [Mei et al, 
S from the CMR of elliptical g alaxies 
i n RD CS J0910 + 5422 at z = 1.10; and Blakeslee "eFaLl 
( [200 61 estimate that the elliptical galaxies in the z — 0.83 
clusters MS 1054-03 and RX J0152.7- 1357 completed 
their major epoch of star formation at Zf > 2.2. All 
of these studies used BC03 stellar population synthesis 
models in arriving at their results. 

5.3. Evolution of the color-magnitude relation 

To compare our measurements of color-magnitude re- 
lation parameters with other studies at lower redshift, 
we derived linear conversions between observed colors 
and magnitudes and U — V, V (Vega) in th e rest frame 
of the Coma cluster, using r = 0.1 Gyr [Bruzual "SE] 
Chariot (20031 models of several metallicities (O.2Z0, 
O.4Z0, Zq, 2.5Zq), with a range of ages (correspond- 
ing to 2 < Z f < 7, as appropriate for the early type 
population, § 4.4 above). The met hod used is the s ame 
as that described in Appendix II of Mei et al. (2009), ex- 
cept that we convert magnitudes to V apparent (Vega) 
at the distance of the Coma cluster. The following trans- 
formations were used: 



([/ - V),=om = (1.178 ± 0.003) (z85o - J) 

- (0.658 ± 0.005), (5) 
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K=o.o2 = J - (0.098 ± 0.003) (z850 - J) 

- (9.455 ±0.004). (6) 

Note that in the following discussion, we only consider 
the Z850- J CMR of J2215.9-1738, as the z^bo-Ks CMR 
(roughly equivalent to rest frame J7 — z) is a poor match 
to other studies in the literature. As the CMR fitting 
parameters for J2215.9 — 1738 derived from the morpho- 
logically and photometrically selected samples are consis- 
tent, we only quote transformed quantities corresponding 
to the morphologically selected sample below. 

Fig. [8] shows the evolution of the intrinsic scatter 
o'int(t^ — V)z=om about the CMR, as traced by stud- 
ies of several clusters at different redshifts. Some of the 
studies shown in this plot measured Uint through pass- 
bands roughly equivalent to J7 — ^ at their respective 
redshifts, and so the correction to {U — V)z=' 



the models is small. These are the iBower et al. 
study of the Coma cluster; the work 



Ellis et al. 



at 2; « 0.54; and the two z = 0.83 clusters observi 





1992 




1997 



Blakeslee et al. 



z > 



(|2006l. 

1, the ACS Guaranteed Time Observations 
(GTO) team measured a-mt in 1775 — Z850, which is more 
closely matched to rest frame U — B, and so the trans- 
formation of these results to (U — V)z=n.02 is larg er and 
more uncertain. Both the Blakeslee et al. (|2003 1 study 
of RDCS J1252.9 - 2927 at z ^ 1.24, and thellc i et al.| 
p006b) study of the Lynx clusters at z — 1.26, show sim- 
ilar va l ues of dint to those meas ured at z = 0.54 by |Ellis| 
et al.| (|1997|), and z = 0.83 by [Blakeslee et~aI1 (2OO6} , 



although the uncertainties are large. 

The general trend in Fig. [8] is of increasing scatter 
about the CMR as redshift increases, as expected if 
the stellar populations were formed at much higher red- 
shifts than observed and have evolved passively there- 
after. The intrinsic scatter about the red sequence ob- 
served in J2215.9 - 1738 at z = 1.46 is {U - V)z=o.o2 = 
0.144 ± 0.059, more than thr ee times as large as that 



observed in the Coma cluster ( [Bower et al.||199^ Eisen 
hardt et al.[[2007|), some ~ 9 Gyr earlier, and one anc 



RX 



a halt times that observed in MS 1054 — 03 and 
J0152.7 - 1357 at z = 0.83, ~ 2.2 Gyr earlier. 

Fig.[9]shows values of the absolute {U — V)z=o.o2 CMR 
slope fcir the same comparison sample of clusters from the 
literature. In contrast to the measurements of intrinsic 
scatter about the CMR, we see no evidence for evolution 
in the slope over the last 9 Gyr. For J2215.9-1738, the 
value of the CMR slope is — 0.057±0.072, after conversion 
to ([/ — V)z=o.02- T his agrees with t he slop e measured 
for the Coma cluster (iBower et al. 1992; Eiscnhardt et al. 



[2007) at better than the < la level, though the uncer 
Tainty is large. The lack of evolution of the CMR slope 
is consistent with the CMR remaining as primarily a se- 
quence in metallicity up to the highest redshifts so far 
observed. 

To compare the evolution of the CMR intercept, we 
used the CMR of Coma as measur ed by [B ower et al.l 
( 1992 1 to calibrate the CMR as a metallicity sequence, 
aiiireansformed the CMRs of J2215.9- 1738 and the lit- 
erature comparison sample, such that the intercept was 
evaluated at the T^-band magnitude corresponding to so- 
lar metallicity. The metallicity calibration of the CMR of 



Coma was performed by calculating y-band (Vega) mag- 
nitudes corresponding to the U—V colors of r = 0.1 Gyr 
BC03 models of several metallicities, assuming the slope 



and in tercept of the Coma CMR as measure d by, Bower 
et al. (1992), and formation redshift Zf — 2 (Bower et al 
T992J . Under these assumptions, solar metallicity m the 
Coma CMR corresponds to y(Vega) = 13.27. We calcu- 
lated the corresponding T^-band magnitudes and trans- 
formed CMR intercepts for the other clusters in the com- 
parison sample assuming passive evolution of this model. 
Errors in the transformed values were estimated using a 
Monte-Carlo method, taking into account the uncertain- 
ties in the measured CMRs, and the color and magnitude 
transformations to U — 14=0.02, V (Vega). 

Fig. 10 shows the results of this exercise, with the ex- 
pected passive evolution track of the baseline stellar pop- 
ulation model overplotted, for several different formation 
redshifts. The CMR intercept evaluated at solar metal- 
licity for J 22 15. 9— 1738 is consistent with Zf — 3, which is 
slightly lower than the formation redshift inferred from 
the intrinsic scatter (§ [4.4| above), but in good agree- 
ment given the large uncertainties. This is consistent 
with the literature comparison sample: there is some 
scatter, which could indicate a range of star formation 
histories for the galaxy population in different clusters, 
but the uncertainties are large. Photometric calibration 
uncertainties may also contrib ute to the scatter; s ee, for 



(2006b I study 



example, the discussion in the Mei et al. 
of the Lynx clusters at z = 1.26! 

We show the effect of changing the stellar population 
model from BC03 to M05 on the expected passive evolu- 
tion of the colors of solar metallicity galaxies in Fig. [TT| 
Lower formation redshifts are expected if this family of 
models is assumed, with some of the literature compari- 
son sample being expected to have formed most of their 
stars at z < 2. In the case of J2215.9 - 1738, Fig. [IT] 
implies zj w 2. Again, this is in good agreement with 
the age derived from the intrinsic scatter about the CMR 
for the M05 models. 

5.4. Dwarf-giant ratio 

The Dwarf-to-Giant Ratio measured for J2215.9 — 1738 
appears to be significantly lo wer than has been me asured 
in clusters at lower redshifts. De Lucia et al. ( 2007 ) quote 
a red sequence luminous-to-faint ratio within r < 0.5i?2oo 
for the Coma cluster equivalent to a DGR of 3.13 ± 0.59, 
nearly ten times the value of the red sequence DGR in 
J2215.9-1738 (0.32±0.18). Although the DGR we mea- 
sure is likely to be slightly underestimated, given that 
our magnitude limit is w 0.1 mag brighter than the f aint 
magnitude limit adopted by De Lucia et al. (2007), it 
seems very unlikely that this would be enough to account 
for the deficit of faint red sequence galaxies relative to 
Coma. 

Several studies at lower redshift have parametrized the 
evoluti on of the red sequen ce D GR with redshift. Re- 
cently, Gilbank & Balogh ( 2008[ ) compiled several mea- 
surements of t he DGR in clusters at z < 1, includ- 
ing studies by Barkhouse, Yee, fc Lopez-Cruz (|2007j); 
Gilbank et"al| (2008); Hansen ct al.j ( |2007| ; [Ue Lucia 
et al. ( |2007p ; and ,Stott et al. (^2007^, transtormed o n~Eo 
a common system dehned by De Lucia et al. ( 2007 1 , as 
we have adopted in performing our es timate of th e PGR 



(described in § [4^ above). ^Gilbank fc Balogh[ p008 l 
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found that the evolution of the DGR with redshift of 
their composite sample is cx (1 + z)^^-^^'^-^. At the red- 
shift of J2215.9 - 1738, the expected DGR = 0.68 ± 0.36 
from this relation, in good agreement with our estimate 
of the DGR. 

We conclude that J2215.9 — 1738 appears to show a 
significant deficit of faint red sequence galaxies compared 
to clusters in the local universe, and that the measured 
DGR is of similar magnitude to that expected from ex- 
trapolation of the DGR-redshift relation measured at 
2 < 1. However, it is known that the cluster-to-cluste r 
scatter of the DGR is considerable ( De Lucia et al. [2007 1 , 
and study of a larger sample of clusters, ideally with 
large numbers of spectroscopically confirmed members, 
at similar redshift to J2215.9 — 1738 is required in or- 
der to confirm whether or not this holds for the general 
population at this epoch. 

6. CONCLUSIONS 

We have conducted a study of the morphological frac- 
tions and color -magnitude relation in the galaxy cluster 
XMMXCS J2215.9 - 1738 at z = 1.46. This is the first 
such study of an X-ray selected cluster at z ~ 1.5. We 
found: 



1. 



The brightest members of J2215.9 - 1738 have 
magnitudes corresponding to the expected value of 
M* in the galaxy luminosity function. This is 
significantly fainter than the brightest galaxies in 
the only other z > 1.3 X-ray selected cluster stud- 
ied to date, XMMU J2235.3 - 2557 at z = 1.39 
( [Lidman et 'aI1|2008[ ). 



2. The morphological fractions are Je — 0.54 ± 0.17, 
/so = 0.08 ± 0.07, fsp+irr = 0.38 ± 0.15, similar 
to other clusters at z ^ 1. Thus, the dominant 
component of the galaxy population observed in 
clusters at low redshift was already in place 4.5 
Gyr after the Big Bang. 

3. After transformation from zgso — J to (U—V)z=o.o2, 
the slope of the color-magnitude relation is consis- 
tent with that of the Coma cluster, implying little 
evolution over the last ^ 9 Gyr, though the mea- 
surement uncertainty is large. In contrast, the in- 
trinsic scatter about the color-magnitude relation 
is more than three times the value measured in the 
Coma cluster, after conversion from zgso — J to 

iU-V),^0.02- 

4. From comparison with stellar population models, 
the intrinsic scatter about the color-magnitude re- 
lation implies mean luminosity weighted ages for 



the stellar populations of the early type galaxies 
in J2215.9 — 1738 of w 3 Gyr, corresponding to 
the main epoch of star formation in these galaxies 
coming to an end at Zf ~ 3 — 5. Comparison of the 
intercept of the color -magnitude relation with pas- 
sive evolution of the same stellar population mod- 
els, calibrated relative to the Coma cluster, yields 
consistent results. 

J2215.9 — 1738 shows evidence of the 'downsizing' 
phenomenon: the red sequence Dwarf-to-Giant ra- 
tio for the cluster is 0.32 ± 0.18 within a radius 
of 0.5i?2oo, although this is likely to be underesti- 
mated slightly in comparison to other studies due 
to the depth of our photometry. This is consis- 
tent with extrapolation of the redshift evolution of 
the DGR measured from cluster samples at z < 1 
within the large uncertainties. 
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Rest Wavelength (A) 
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Fig. 1. — Response curves for the ACS (4775, ^85o) a^nd MOIRCS (J, K„ ) filters used in tliis study. The solid line is a |BruzuaI fc Chariot] 
1 2003| model spectrum of a galaxy with solar metallicity, Salpeter (19551 Initial Mass Function, formed at redshift Zf = 4.5 m a U.i Cyr 
1 )urst of star formation, as it would be observed at the cluster redshift of 2: = 1.46. The near infrared data are essential to bracket the 4000 
A break in early type galaxies at this redshift. 
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Fig. 2. — Color-composite (2850) J , Ks) using the ACS and MOIRCS imaging data presented in this paper, centered on the cluster X-ray 
coordinates of 22''15'"58.5^ -17°38'02.5" (J2000). The image is 3.04' on a side. The ACS zgso image has been degraded to match the 
0.5" resolution of the MOIRCS J, Ks imaging. X-ray contours are overlaid in white; cyan points indicate spectroscopically confirmed 
cluster members; yellow points indicate additional cluster members selected using photometric rcdshifts. 
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Fig. 3. — Histogram of the photometric rcdshift residuals Sz = {zg — Zp)/(1 + z^), where Zs is the spectroscopic redshift, and Zp is the 
corresponding photometric redshift. All galaxies with spectroscopic redshifts Zg > 1 are included. The photometric redshifts are almost 
unbiased; the median of the distribution is 5z = +0.015. 
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Fig. 4. — Postage stamp images of all photometrically selected members of J2215.9 — 1738 for which morphological classification was 
carried out, located within a radius of 0.75 Mpc of the cluster X-ray position, and ordered by Ks magnitude, from brightest (top left) to 
faintest (bottom right). The left postage stamp of each pair is taken from the ACS zgso-band image; the right hand image of each pair is 
taken from the MOIRCS i^s-band data which was used to perform the object detection (see § |3.1[ l. Each postage stamp is 3.75" on a side, 
with East at the left. The number in the top left hand corner of each plot is the galaxy ID number in Table [l] the galaxy morphology is 
indicated in the bottom left hand corner of each ACS zgso image. Note that a few objects (IDs 824, 610, 696, and 1047) are blended in the 
i^s-selected catalog; these are assigned multiple morphologies, with the morphology of the easternmost component being quoted first. 
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Fig. 5. — zss n — J versus J color-magnitude diagram for J2215.9 — 1738 for (a) all galaxies; and (b) photometrically selected members 
only (see § |3.3| . Elliptical galaxies are marked as red circles; SOs with green triangles; late-type galaxies with blue squares; and galaxies 
for which morphologies were not determined with gray circles. Filled symbols are located within radius r < 0.5 Mpc of the cluster X-ray 
position; open symbols are located at r > 0.5 Mpc. Symbols enclosed within a black box are cluster members with secure spectroscopic 
redshifts; these points are marked with error bars, indicating the typical size of the color error in a particular region of the color-magnitude 
diagram. The approximate 5<j limiting magnitude for galaxies is shown by the vertical dashed blue line; the corresponding 5cr limit in 
•2850 ~ J color is shown by the diagonal dashed blue line; the diagonal dashed green line marks the approximate limit of the morphological 
selection. The solid black line shows the fit to the CMR for morphologically selected E-I-SO galaxies (see Table 
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Fig. 6. — zss n — Kg versus Kg color-magnitude diagram for J2215.9— 1738 for (a) all galaxies; and (b) photometrically selected members 
only (see § |3.3| . The symbols and lines have the same meaning as in Fig. [6] The solid black line shows the fit to the CMR for morphologically 
selected E+BU galaxies (see Table . 
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Fig. 7. — Intrinsic scatter (Tint about the color-magnitude relation versus age for (a) zgrM — J and (b) zgrM ~ Ks- The horizontal soUd 
black line indicates the measured value of a\^t for the morphologically selected sample of E+SO galaxies; the horizontal dotted lines indicate 
the itlo" measurement errors in CTi^t. The solid curves show the mean luminosity weighted age in the stella r population models used; the 
dashed curves i ndicate the corresponding min imum age (red: r = 0.1 Gyr burst [Bruzual fc Chariot] ( |2003^ model with solar metallicity; 
blue: equivalent |Maraston| |2005^ model; see § |4.4| for details). 
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Fig. 8. — Evolution of the intrinsic scatter around the color-magnitude relation with redshift in f7 — V in the rest frame of the Coma 
cluster (converted from the observed frarn e using Bruzual & Chariot ( 2003 ) m odels) . Open points show values for se yeral cluste r s in th e 
literature from t he wo r ks of [Bower et all (1992^ , Kills et al. (1997), Blakeslee et al.| | |2006| (two z = 0.83 clusters), [Mei et al.l | |2006a[ l, 
[Blakeslee et al.] ( |2003^ , |Mei el al.| ||:^UOKb I (two z: = 1.2t) clusters), ordered by increasing redshift. The black diamond marks the value 
derived trom tlie zgso — J UMK of J^:^ia.9 — 1738 (morphologically selected sample of E+SO galaxies). The scatter is increasing with 
redshift, as expected for the passive evolution of a stellar population formed at much higher redshift. 
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Fig. 9. — Evolution of the abs olute slope of the V — V color— magnitude relation in the rest frame of the Coma cluster (converted from 
the observed frame using Bruzual &c Charlqt[ _| |2003"l l models). Open points show the values for the same comparison sample of clusters 
drawn from the literature as shown m t ig. [e] i'he black diamond marks the value derived from the zsso — J CMR of J2215.9 — 1738 
(morphologically selected sample of E+SO galaxies). There is no evidence for evolution of the value of the slope with redshift, though the 
uncertainties in the slope measurements at high redshift are very large. 




Fig. 10. — Evolution of the expected U — V color of a galaxy with solar metallicity, in the rest frame of the Coma cluster (converted from 
the observed frame using [Bruzual &: Chariot] | |2003| models), where the Coma CMR has been used to calibrate the CMR, as a magnitude- 
metallicity relation, under ttie assumption tnat Zf = 2 for Coma. Passive evolution has been taken into account in transforming the CMRs 
from the literature assuming the same Zf = 2 model. The expected passive evolution tracks for several other formation redshifts are also 
plotted. Open points show the values for the same comparison sample of clusters drawn from the literature as shown in Fig. Is] The black 
diamond marks the value derived from the 2:350 — J CMR of J2215.9 — 1738 (morphologically selected sample of E+SO galaxies). The 
scatter of the data points about the model evolution tracks may indictate variation in the star formation histories of the galaxy populations 
between clusters. 




Fig. As Fig. |10| except the expected evolution of the U — V color at solar metallicity is calculated from the passive evolution of 

[Maraston] | |2005| l r =1^1 Gyr burst models. 
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Morphologies and CMR in J2215.9 - 1738 at z = 1.46 



TABLE 2 

Color-Magnitude Relation Fit Parameters'' 



Color Mag. Limit'^ Ng" Slope Intercept Offset^' 



0"obs 



Morphologically selected sample (E+SO); 

2850 - J 22.5 19 -0.049 ±0.062 1.335 ± 0.046 -0.005 ± 0.037 0.130 ±0.047 0.123 ±0.049 

Z850 -Ks 21.5 16 -0.221 ± 0.057 2.012 ± 0.091 -0.007 ±0.052 0.177 ±0.051 0.173 ±0.052 

Photometrically selected sample (all galaxies^): 

2850 -^ 24.0 34 -0.112 ±0.026 1.282 ± 0.016 +0.014 ±0.025 0.131 ±0.028 0.118 ±0.034 

zs50-Ks 23.0 36 -0.299 ±0.021 1.914 ± 0.028 -0.003 ± 0.042 0.241 ±0.035 0.237 ± 0.037 



^ Within 0.5 iVIpc radius of the cluster X-ray position 
^ In the redder passband of the color 
^ Number of galaxies in tlie subsample 

^ Biweight location estimate of color offset from the fitted relation 
^ Biweight scale estimate of scatter about the fitted relation 

^ Biweight scale estimate of scatter about the fitted relation, corrected for broadening by color errors 

^ Only objects with 0.8 < jzgso — J < 1.6, 1.5 < 2:850 — < 3.0 (as appropriate) were included in the fit 



TABLE 3 
Inferred Stellar Population Ages 



Color Moder tf^ (Gyr) Zf" t^'^ (Gyr) zj'' 



Morphologically selected sample (E+SO): 

2850 - J BC03 > 1.3 ±0.8 >2.ltol 2.8 ±0.4 -i.oto,]- 

2850 --/ M05 > 0.7 ±1.6 > l.Sto.t 2.5 ±0.8 3.5tf,l 

zs50-Ks BC03 > 1.6 ±0.3 > 2.4lg;| 3.0 ±0.2 4.5lo;| 

Z850 -Ks M05 > 0.5 ±1.2 > 1.7j;o;5 2.4 ±0.6 S.sto^ 

Photometrically selected sample (all galaxies'): 

2850 - J BC03 > 1.3 ±0.5 > 2.2l°;3 2.8 ± 0.2 4.1^°;^ 

2850 - J M05 > 0.8 ±0.9 > 1.8j;o;4 2.5 ± 0.4 3.6^0 g 

Z850 -Ks BC03 > 1.3 ±0.2 >2.1+ol 2.8 ±0.1 -i.otol 

2850 - Ks M05 ■ ■ • • • ■ ■ 



Note. — Entries in this tabic correspond to samples defined in Table [2] 
The measured internal scatter from the ^sso — CMR of the photometrically 
selected sample is out of the range of the M05 model, and so is undefined. 
^ Stell ar population model: BC03 ^ [Bruzual Charlot] ) |2003( , M05 ^ |Marasto"n| 
I2OO5J. See §[4]4|for details. 

^ Minimum stellar population age at the rcdshift of J2215.9 — 1738. 
^ Minimum formation redshift of the stellar population. 

^ Mean luminosity weighted stellar population age at the redshift of J2215.9 — 
1738. 

^ Mean formation rcdshift corresponding to mean luminosity weighted stellar 
population age. 

Only objects with 0.8 < ^sso — J < 1-6, 1.5 < ^sso ~ -^s < 3.0 (as appropriate) 
included. 



